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One  of  the  major  challenges  in establishing  the  mechanisms  responsible  for the  chitosan  action  in biomed-
ical  applications  lies  in  the  determination  of the  molecular-level  interactions  with  the  cell  membrane.  In
this  study,  we  probed  hydrophobic  interactions  and  H-bonding  in  experiments  with  O,O′-diacetylchitosan
(DACT)  and O,O′-dipropionylchitosan  (DPPCT)  incorporated  into  monolayers  of distinct  phospholipids,
the  zwitterionic  dipalmitoyl  phosphatidyl  choline  (DPPC),  and  the  negatively  charged  dipalmitoyl  phos-
phatidyl  glycerol  (DPPG)  and  dimyristoyl  phosphatidic  acid  (DMPA).  The  importance  of  hydrophobic
interactions  was conﬁrmed  with  the  larger  effects  observed  for DACT  and DPPCT  than  for  parent  chitosan
(Chi),  particularly  for  the  more  hydrophobic  DPPCT.  Such  larger  effects  were  noted  in surface  pressure
isotherms  and  elasticity  of  the  monolayers.  Since  H-bonding  is  hampered  for  the  chitosan  derivatives,
which  have  part  of  their  hydroxyl  groups  shielded  by O-acylation,  these  effects  indicate  that  H-bonding
does  not  play  an  important  role  in  the  chitosan–membrane  interactions.  Using  polarization-modulated
infrared  reﬂection  absorption  (PM-IRRAS)  spectroscopy,  we  found  that  the  chitosan  derivatives  were
incorporated  into  the  hydrophobic  chain  of the  phospholipids,  even  at high  surface  pressures  compara-
ble  to those  in a real  cell  membrane.  Taken  together,  these  results  indicate  that the  chitosan  derivatives
containing  hydrophobic  moieties  would  probably  be more  efﬁcient  than  parent  chitosan  as  antimicrobial
agents,  where  interaction  with  the cell  membrane  is crucial.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
The possible tuning of the physicochemical properties of chi-
tosans is a welcome feature yet to be exploited in applications
such as those based on their antimicrobial activity [1–4]. This
activity depends on various parameters, including the average
degree of acetylation and molecular weight of the chitosans [5–8],
which may  be controlled with variable degrees of accuracy. Most
signiﬁcantly, chitosans may  also be derivatized with incorpora-
tion of acyl and alkyl chains [9,10], and these derivatives have
been proven to be even more efﬁcient than their parent chitosans
[11]. This is the case, for example, of the antimicrobial activity
of chitosan derivatives against bacteria (Gram positive or nega-
tive) [10,12,14–17], fungi [13] or both [18–20]. The reasons for
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the enhanced action of the derivatized chitosans are not known
in detail, but they must be related to the damage or breaking of
cell membranes resulting from the interplay between ionic and
hydrophobic interactions. The signiﬁcant chitosan activity is com-
monly associated with its positive charge [21–23], which would
induce strong interaction with negatively charged membranes of
Gram-negative bacteria, for instance [24]. A comparison of the
activities from distinct samples of chitosan indicates, however, that
non-electrostatic interactions also play an important role [25,26].
Indeed, the importance of these types of interactions has been
demonstrated at the molecular level in studies with model mem-
branes [23,25–32].
To  test the hypotheses for the chitosan action, cell membrane
models have been used, in spite of their obvious limitations. The
latter include the inability to reproduce in vivo conditions for the
cell and the use of only a few components of a real cell. Nevertheless,
with present technology some types of molecular-level information
can only be obtained in membrane models, and therefore several
studies have been made with Langmuir monolayers as membrane
models [23,25–33].
0927-7765/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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In this study we assess the importance of hydrophobic interac-
tions and H-bonding by investigating the interaction of O-acylated
chitosans with Langmuir monolayers of phospholipids. The latter
were chosen to verify the importance of surface charge and of dis-
tinct headgroups that have large predominance in different types of
cells. The phospholipids used are the zwitterionic dipalmitoyl phos-
phatidyl choline (DPPC), and the negatively charged dipalmitoyl
phosphatidyl glycerol (DPPG) and dimyristoyl phosphatidic acid
(DMPA), where PCs and PGs are important components of mam-
malian and bacteria cells, respectively. DMPA was used owing to
its usefulness for depositing Langmuir–Blodgett (LB) ﬁlms.
2. Experimental details
2.1. Materials
The phospholipids DPPC, DPPG and DMPA were purchased
from Sigma Chemical Co. and used as received. Commercial chi-
tosan from Polymar (Brazil) was depolymerized using NaNO2 [34],
thus leading to a chitosan sample (Chi) with average molecular
weight (Mw  = 23,500 g mol−1), polydispersity index PDI = 2.7 and
average degree of acetylation DA = 10%. The acylated chitosans
O,O′-diacetylchitosan chitosan (DACT) and O,O′-dipropionyl chi-
tosan (DPPCT) were synthesized following the procedures from
the literature [9], starting from commercial chitosan obtained
from Galena (Brazil), previously puriﬁed, and had DA = 22%,
Mw = 479,000 g mol−1 and PDI = 4.2. The lower molecular weights
for the derivatives in comparison to the starting chitosan are prob-
ably due to depolymerization since chains were broken as the
glycosidic linkages were affected by addition of acyl chloride as
reagent. Similar results were observed in Ref. [9]. The FTIR spectra
of the chitosan samples were recorded with a Thermo Nicolet Nexus
470 s spectrophotometer using KBr discs (spectroscopic degree) in
a KBr sample with 1:1000 proportion in mass. The samples were
previously dried in a vacuum oven (30 ◦C) for 24 h. 1H NMR  and size
exclusion chromatography (SEC) measurements were conducted to
conﬁrm the chemical structure and determine the degree of substi-
tution, whose results are given in the Supplementary information.
2.2. Langmuir ﬁlms
The Langmuir ﬁlms were produced in a mini KSV Langmuir
trough (KSV Instruments) placed in a clean room class 10,000 at
20 ± 1 ◦C. The trough is provided with a pressure sensor (Wilhelmy).
The monolayers were compressed at a 750 mm2 min−1 rate; the
trough surface area is 24,300 mm2 with a volume of 250 mL. The
ﬁlms were made by spreading 30 L of a 0.80 mg  mL−1 chloroform
(HPLC grade, ≥99.9% purity) solution of DPPC, DPPG and DMPA
on a Theorell–Stenhagem (TS) subphase, pH 3.0 ( = 0.03 mol  L−1).
TS buffer solutions containing Chi, DACT and DPPCT at 5 mg  mL−1
were injected into the subphase with volumes ranging from
0.125 to 2.5 mL,  thus resulting in concentrations from 0.0025 to
0.0500 mg  mL−1 in the subphase, respectively, under a phospho-
lipid monolayer. A waiting time of 7 h for DACT and 5 h for DPPCT
and Chi was allowed for complete adsorption (monitored by mea-
suring the adsorption kinetics) – and then the surface pressure
isotherms (–A) versus average molecular area were acquired.
Complete adsorption suggests thermodynamic equilibrium had
been reached. The compressional modulus (Cs−1) was  calculated
from the surface pressure isotherm using Cs−1 = −A(∂/∂A), where
 is the surface pressure and A is the area per molecule [35]. The
isotherms for pure phospholipids were made in triplicate whereas
those containing Chi and derivatives in the subphase were car-
ried out in duplicate. The error values correspond to the average
standard deviation of all points, being ±1 A˚2 in area per molecule;
4000 350 0 300 0 25 00 200 0 150 0 10 00
O
OH
O
OH
NH
MeSO
RCOCl
O
O
NH SO
O
O
R
O
O
R
(A)  R =  CH
(B) R = CH CH
 Chi tosan
 DACT
 DPP CT
Wav enumber  (cm-1)
Tr
an
sm
ita
nc
e 
(%
)
34
30 2
99
7
29
22
17
40
16
55 15
54
13
74
10
70
13
10
Fig. 1. Fourier transformed infrared spectra (FTIR) for chitosan, DACT and DPPCT.
The  schematic representation of the synthesis of O,O′-diacetylchitosan – DACT (A)
and  O,O′-dipropionylchitosan – DPPCT (B) is shown in the inset.
±0.5, ±0.6 and ±1.4 mN m−1 for surface pressure in neat mono-
layers for DPPC, DPPG and DMPA, respectively, and ±1.7, ±1.8 and
±1.5 mN m−1 for surface pressure in monolayers containing deriva-
tives for DPPC, DPPG and DMPA, respectively. The errors for the
DMPA monolayer with Chi were ±1 A˚2 in area per molecule and
±1.3 mN m−1 for surface pressure. In Cs−1 calculations the error
values were ±15 mN m−1.
PM-IRRAS measurements were performed using a KSV PMI550
instrument (KSV, Finland). The light beam reached the monolayer
at a ﬁxed incidence angle of 80◦, being continuously modulated
between s- and p-polarizations at a high frequency. This allows for
the simultaneous measurement of the spectra for the two  pola-
rizations. The difference spectrum thus provides surface-speciﬁc
information on oriented moieties, while the sum gives the refer-
ence spectrum. In addition, with the simultaneous measurements,
the effect of water vapor is reduced. The resolution of the spectra
was 8 cm−1.
3. Results and discussion
The successful synthesis of DACT and DPPCT was  conﬁrmed by
the intense band at 1740 cm−1 in the FTIR spectra shown in Fig. 1,
which is assigned to the axial deformation of the carboxylic ester
resulting from chitosan O-acylation. The other main bands in the
spectra are assigned as follows: 3500–3000 cm−1 (O H stretch-
ing overlapped with N H stretching), 2980–2880 cm−1 (C H axial
stretching), 1660 cm−1 (amide I band, C O axial stretching of acetyl
groups), 1560 cm−1 (amide II band), 1380 cm−1 (asymmetric C H
bending in CH2 groups), 1310 cm−1 (C N axial stretching, amide III)
and 1070 cm−1 (skeletal vibration involving the C O bridge stretch-
ing). Although the synthetic route prevents N-substitution, the 1H
NMR  data showed a small percentage of amine groups replaced by
acyl chains. Amide groups are formed in this substitution, but they
are difﬁcult to identify in the FTIR spectra because the vibration
band ascribed to carbonyl amide groups or C N axial stretching
(amide I and amide II bands) also appear in the chitosan spectrum
in Fig. 1.
The derivatives DACT and DPPCT had low molecular weight,
with Mw = 17,800 g mol−1 and Mw = 18,100 g mol−1, respectively,
and polydispersity index of 1.5 to DACT and DPPCT, inferred from
the chromatograms in Fig. S2 in the Supplementary information.
The average degree of acetylation (DA) was determined using 1H
NMR  spectroscopy as being DA = 22% for the precursor chitosan and
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derivatives, while the degree of substitution (DS) was 0.55 and 0.77
in hydroxyl groups (OH), and DS = 0.05 and 0.13 in the amine groups
(NH2), for DACT and DPPCT, respectively. The DS values are based
on the repeating unit of chitosan, with the total DS being 2.00 for
OH groups and 0.78 for NH2 (deacetylation degree). The spectra are
shown in Fig. S3 in the Supplementary information.
Two speciﬁc features were investigated while assessing the
interaction between the derivatives and cell membrane models
represented by Langmuir monolayers: (i) the role of hydrogen
bonding involving the hydroxyl groups of chitosan and the polar
heads from the phospholipids and (ii) the role of hydrophobic inter-
actions. This was done by comparing the data with results for parent
chitosan (Chi). The hydrogen from chitosan OH groups was replaced
by acyl chains in the O-acylation, and DACT and DPPCT have part of
their hydroxyl groups shielded by acyl chains which probably affect
the physicochemical properties. DACT and DPPCT were shown to
be surface active for concentrations above 0.05 mg mL−1 in a TS
buffer subphase, where the surface pressure increased with time.
The kinetics for both derivatives is shown in Fig. S4 in the Supple-
mentary information.
For a comparison with results from parent chitosan, we
employed concentrations for which DACT and DPPCT have no
surface activity on a bare interface (ranging from 0.0025 to
0.0500 mg mL−1). In this concentration range, DACT or DPPCT
adsorbs onto the Langmuir monolayer of DPPC, DPPG or DMPA,
when injected into the subphase, causing the initial monolayer
surface pressure to increase until an equilibrium value is reached
after some hours. The difference between the equilibrium surface
pressure and the initial surface pressure is referred to as . In all
experiments performed here the initial surface pressure was zero,
so that   is exactly the equilibrium surface pressure value. 
increased with DACT (or DPPCT) concentration in the subphase. For
example, for 0.0025 mg  mL−1 of DPPCT in the subphase,  was
7 mN  m−1, 9 mN  m−1 and 10 mN  m−1 for DPPC, DPPG and DMPA
monolayers, respectively. Given such small differences, which are
within the experimental error, the driving force for adsorption can-
not be only the electrostatic interactions between derivative and
phospholipid, as also inferred from the PM-IRRAS experiments.
The surface pressure isotherms for DPPC, DPPG and DMPA were
expanded to larger areas upon incorporating DACT or DPPCT in
the subphase, as shown in Fig. 2, and the expansion increased
with increasing concentration. Signiﬁcantly, even at pressures
corresponding to a biomembrane ( ∼ 30–35 mN  m−1 [36]), the
monolayers remained expanded in comparison to the neat phos-
pholipid, suggesting incorporation of the acyl chains from DACT or
DPPCT. Indeed, larger effects were observed for DPPCT, which has
an additional CH2 group in the acyl chain as compared to DACT, as it
is clear from the change in area (area) at a ﬁxed pressure. area
was 14 A˚2, 18 A˚2 and 20 A˚2 for DACT, and 43 A˚2, 34 A˚2 and 20 A˚2
for DPPCT on DPPC, DPPG and DMPA monolayers, respectively.
These changes in area were obtained from the difference between
neat monolayers and monolayers spread on subphases contain-
ing 0.05 mg  mL−1 derivatives at a ﬁxed pressure of 30 mN m−1. The
larger expansion for DPPCT is consistent with the results by Mori
et al. [37], where an additional CH3 group in thymine – compared to
uracyl – yielded a larger expansion of cholesterol-armed triazacyl-
clononane monolayers. Since area was larger for the zwitterionic
DPPC for DPPCT subphases and the same as for DPPG and DMPA
for DACT subphases, one infers that electrostatic interactions can-
not be the dominant force. Furthermore, under the experimental
conditions used here (pH 3.0) the lipids may  be protonated.
Therefore, hydrophobic forces are likely to play an important
role, in accordance with our previous results [25–28] and with the
literature [31,32]. Indeed, Krajewska et al. [31,32] have shown that
non-electrostatic contributions are relevant for chitosan interac-
tion with DPPC, DPPG and cholesterol monolayers in measurements
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Chi, DACT and DPPCT at the same concentration. The inset shows the compressional
modulus (Cs−1).
where pH and temperature changes were studied. Hence, although
electrostatic interactions are important for adsorption of DACT and
DPPCT onto the monolayers, the surface pressure isotherms appear
more dependent on the hydrophobic forces.
The importance of hydrophobic forces is corroborated by a direct
comparison with effects caused by parent chitosan. Fig. 3 shows
much larger expansion of DMPA for DPPCT and DACT as compared
to Chi in the subphase. This cannot be attributed to effects from
molecular weight or polydispersity index, which are similar for the
three samples: DACT (Mw  = 17,800 g mol−1 and PDI = 1.5), DPPCT
(Mw  = 18,100 g mol−1 and PDI = 1.5) and Chi (Mw  = 23,500 g mol−1
and PDI = 2.7). Another conclusion that may  be drawn from the
comparison of the effects from O-acylated chitosans (shown here)
with the effects caused by parent chitosan is that hydrogen bond
contributions from free hydroxyl groups are of minor importance
relative to hydrophobic interactions from acetyl and propionyl
groups, grafted as side chains. Again, the latter is corroborated by
the fact that biomembrane models are more strongly affected by
the chitosan derivatives, which are capable of a higher number of
hydrophobic interactions, though being deprived of their hydro-
gen bonding capabilities. One should emphasize that a comparison
with the data from parent chitosan is straightforward because the
same experimental condition was used.
The isotherms in Figs. 2 and 3 suggest that chitosan, DACT
and DPPCT affect the mechanical properties of the monolayers.
The analysis of the compressional modulus (Cs−1), known as in-
plane elasticity [35], also indicates larger effects due to DPPCT and
DACT than for Chi (inset – Fig. 3) for DMPA. Again, DPPCT affected
the phospholipid monolayers to a larger extent than DACT, and
this applied to all DPPC and DPPG monolayers as well (results not
shown). DACT and DPPCT caused a decrease in the maximum in-
plane elasticity at all concentrations for the phospholipids tested.
The decrease makes the monolayer more ﬂexible than the neat
phospholipid, which is relevant for the bioactivity of the chitosan
derivatives, for surface elasticity is a key property [36].
The surface activity of DACT and DPPCT when at high concen-
trations in the subphase was conﬁrmed with PM-IRRAS spectra
in Fig. 4, whose main bands at 1332/1334 cm−1 assigned to CN
stretching (amide III) and at 1540–1560 cm−1 assigned to NH bend-
ing (amide II) are related to 2-acetamido-2-deoxy-d-glucopyranose
residues (GlcNAc). The bands at 1504 cm−1 and 1531/1535 cm−1
are due, respectively, to symmetric and antisymmetric deforma-
tion from protonated amine groups of chitosan [23,29,38], and the
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Fig. 4. PM-IRRAS spectra for Gibbs ﬁlms at 30 mN m−1 on a bare interface obtained
with 0.1 mg mL−1 DACT (A) and DPPCT (B) dissolved in TS buffer. The inset shows
the region of C H vibrations.
bands at 1720–1750 cm−1 are assigned to the ester carbonyl band
(C O) [39]. The broad, intense signal at 1620–1720 cm−1 is ascribed
to the bending mode from water, being a result of the difference
in reﬂectivity between covered and uncovered surfaces [40]. The
bands at 1408–1412 cm−1 and 1460–1467 cm−1 are due to CH2
bending and the bands at 2876/2884 cm−1 and 2955/2967 cm−1
(inset) are assigned to symmetric and antisymmetric stretch-
ing modes of the terminal methyl groups (CH3). The positive
bands for CH2 groups at approximately 2920 cm−1, carbonyl group
(1720–1740 cm−1) and amide II group (1540–1560 cm−1) indicate
that the C O and N H groups are oriented preferentially parallel to
the ﬁlm surface and perpendicular to the ordered acyl chains [29].
Because PM-IRRAS spectroscopy is surface speciﬁc, it is also use-
ful to investigate interaction of guest molecules with monolayers
at the air/water interface. The main types of information it provides
are: (i) it is possible to check whether the guest molecules pene-
trate into the hydrophobic tails of the phospholipid monolayers; (ii)
interaction with the headgroups can also be identiﬁed; and (iii) the
orientation of molecular groups can be determined, at least qual-
itatively. Figs. 5 and 6 show the spectra for DACT and DPPCT on
a DPPC and DMPA monolayers, respectively, at 30 mN m−1. These
two phospholipids were selected for the PM-IRRAS experiments
because of the availability of data in the literature for comparison
purposes. Incorporation of DACT and DPPCT on the monolayers is
clear from the appearance of the bands at 1530–1540 cm−1 due
to the antisymmetric deformation from protonated amine groups
and of bands at 1540–1560 cm−1 assigned to NH bending (amide II)
from GlcNAc from DACT and DPPCT. The bands at 1737/1739 cm−1
are assigned to ester carbonyl (C O) [39]. For DPPC, in particular,
A. Pavinatto et al. / Colloids and Surfaces B: Biointerfaces 114 (2014) 53– 59 57
1500 1550 1600 1650 1700 1750 1800
 DPPC
 DPPC/DACT
 DPPC/DPPCT
Wavenumber (cm-1)
P
M
-IR
R
A
S
 s
ig
na
l (
u.
a.
)
A
17
37
15
58
15
38
15
31
15
10
2800 2820 2840 2860 2880 2900 2920 2940
2890
2850
2916
 DPPC
 DPPC/DACT
 DPPC/DPPCT
2914
2918
2844
2851P
M
-IR
R
A
S
 s
ig
na
l (
a.
u.
)
Wavenumber (cm-1)
B
13201300128012601240122012001180
 DPPC
 DPPC/DACT
 DPPC/DPPCT
Wavenumber (cm-1)
C
12
50
P
M
-IR
R
A
S
 s
ig
na
l (
u.
a.
) 1
26
2
Fig. 5. PM-IRRAS spectra for DPPC monolayers at 30 mN m−1 spread on subphases
made with 0.05 mg  mL−1 DACT and DPPCT dissolved in Theorell buffer. Different
energy regions are shown, with N H vibration region (A), C H vibration region (B)
and  P O vibration region (C).
1500 1550 1600 1650 1700 1750 1800
 DMPA
 DMPA/DACT
 DMPA/DPPCT
Wavenumber (cm-1)
P
M
-IR
R
A
S
 s
ig
na
l (
u.
a.
)
17
3715
60
15
33
15
06
A
29752950292529002875285028252800
2887
2923
2948
2920
2856
2848
Wavenumber (cm-1)
P
M
-IR
R
A
S
 s
ig
na
l/a
.u
.
 DMPA
 DMPA/DACT
 DMPA/DPPCT
2847
2917
2890
B
1200 1220 1240 1260 1280 1300
Wavenumber (cm-1)
 DMPA
 DMPA/DACT
 DMPA/ DPPCT
P
M
-IR
R
A
S
 s
ig
na
l (
u.
a.
) 1244
1264
1262C
Fig. 6. PM-IRRAS spectra for 0.05 mg mL−1 DACT and DPPCT dissolved in Theo-
rell buffer in the subphase on DMPA monolayers in the N H vibration region (A),
C  H vibrations region (B) and P O vibration region (C). The surface pressure was
30 mN m−1.
58 A. Pavinatto et al. / Colloids and Surfaces B: Biointerfaces 114 (2014) 53– 59
Fig. 5B shows shifts in the bands at 2844–2851 cm−1, 2890 cm−1
and 2914–2918 cm−1, assigned to CH2 symmetric stretching (s
CH2), CH3 symmetric stretching (s CH3) and CH2 antisymmet-
ric stretching (as CH2), respectively. This means that both DACT
and DPPCT penetrated in the hydrophobic chain region of DPPC.
Shifts to higher energies are associated with disordering of the
phospholipid chains, probably caused by the increased interchain
distance and chain mobility upon penetration of the derivative
molecules. Conversely, shifts to lower energies are related to order-
ing. DACT caused the CH2 symmetric stretching band to shift to a
lower wavenumber while the CH2 antisymmetric slightly shifted to
a higher wavenumber. Because the effect is more pronounced in the
symmetric stretching band, it is concluded that DACT penetration
caused chain ordering. In contrast, DPPCT induced increased ener-
gies for both symmetric and antisymmetric CH2 stretching bands,
and therefore its incorporation caused chain disordering, similarly
to what was observed with the interaction of antiinﬂammatory
drugs with phosphoglyceride monolayers [41].
The upward direction for the CH2 bands in Fig. 5B and for the
C O and amide II groups in Fig. 5A for neat DPPC and monolayers
containing DACT and DPPCT indicate that the C O and NH groups
are oriented preferentially parallel to the ﬁlm surface, therefore
perpendicular to the ordered acyl chains. On the other hand, the
direction for the band assigned to antisymmetric deformation from
protonated amine groups (1531 cm−1) is inverted in the monolayer
containing DACT, which means that the NH3+ groups are oriented
preferentially perpendicular to the water surface and parallel to
the acyl chains [29]. This stronger effect from DACT appears to be
connected with its inducing a change in orientation for the P O
groups, for the downward direction of the band at 1250 cm−1 points
to these groups oriented parallel to the acyl chains (Fig. 5C), in con-
trast to what is observed for neat DPPC and the DPPCT-containing
DPPC monolayers.
The PM-IRRAS spectra in Fig. 6 for DMPA monolayers are
consistent with the presence of the chitosan derivatives at the
air/water interface, with effects that are even stronger than those
for DPPC, especially with DPPCT. Fig. 6A shows that when DACT
(or DPPCT) is present, the bands at 1506 cm−1 and 1533 cm−1
ascribed to symmetric and antisymmetric deformation from pro-
tonated amine groups, respectively, are oriented perpendicularly
to water surface and parallel to the acyl chains. The broad, strong
band at 1620–1720 cm−1 is ascribed to the difference in reﬂectiv-
ity between the covered and uncovered monolayers. The band at
1737 cm−1 is assigned to carbonyl stretching. Major changes are
also noted in Fig. 6B for the C H bands. The bands assigned to
CH2 symmetric and antisymmetric stretching are strongly shifted
to higher wavenumbers, from 2848 cm−1 to 2856 cm−1 and from
2920 cm−1 to 2948 cm−1, respectively, for DPPCT in the subphase.
The shift of the CH2 stretching bands to lower wavenumbers owing
to incorporation of DACT is similar to the effect caused on the DPPC
monolayer.
Therefore, while DACT induced ordering of DMPA chains, the
effect from DPPCT was opposite, and much stronger. Also to be
noted is the decrease in intensity of the CH2 bands (symmetric and
antisymmetric stretching) for monolayers with DACT and DPCT in
the subphase as compared to neat DPPC and DMPA monolayers.
This is due to interpenetration among the acyl tails, decreasing
the surface density of the phospholipid molecules. Even though
there was no inversion in the bands assigned to P O stretching,
both DACT and DPPCT induced shifts to higher wavenumbers, as
shown in Fig. 6C. Such shifts could be explained by dehydration
of the P O groups owing to incorporation of DACT and DPPCT,
according to Moreno et al. [42] that attributed to hydration a shift
to smaller wavenumbers owing to incorporation of nonsteroidal
antiinﬂammatory drugs in phospholipid monolayers. These results
can be compared with the effects from parent chitosan on DMPA
monolayers [23], where chitosan was found to promote ordering
in the DMPA chains and hydration in the headgroup, with the P O
stretching band being shifted to lower wavenumbers.
In summary, the PM-IRRAS data indicated that DACT and
DPPCT affect both the headgroup and the tails of the phospho-
lipid molecules, with relatively stronger effects for the negatively
charged DMPA. In addition, while DACT promotes ordering when
penetrating into the hydrophobic chain region, the opposite was
observed for DPPCT. This disordering effect may explain the larger
changes caused by DPPCT in elasticity and expansion of the mono-
layers inferred from the surface pressure isotherms.
4. Conclusions
The O-acyl chitosan derivatives, namely DACT and DPPCT,
caused larger expansion and change in elasticity in DPPC, DPPG
and DMPA monolayers than parent chitosan, and could be incor-
porated into the hydrophobic region of the phospholipids even at
high surface pressures. This conﬁrms the importance of hydropho-
bic interactions, especially because larger effects occurred for the
more hydrophobic derivative, and with less available amine groups,
i.e., DPPCT. From PM-IRRAS measurements with DPPC and DMPA
monolayers, it was possible to determine that DACT and DPPCT
interact with both the headgroup and hydrocarbon tails of the phos-
pholipids. Upon penetration into the hydrophobic region of the
phospholipids, DACT caused chain ordering, similarly to parent chi-
tosan, while DPPCT caused disordering. Such effects were stronger
for the negatively charged DMPA, probably because adsorption is
favored by electrostatic attraction. The experiments with the chi-
tosan derivatives also served to test the possible importance of
H-bonding in the chitosan–membrane interaction, since the deriva-
tives have part of their hydroxyl groups shielded. The larger effects
for the derivatives then show that hydrogen bonding between
hydroxyl groups of chitosan and the phospholipids appears not to
be crucial for the chitosan action on biomembrane models. In addi-
tion, DPPCT which has the average degree of substitution (DS) of
hydroxyl greater than for DACT, i.e., with less available hydroxyl
groups, is more disturbing for the monolayers. With regard to the
biological implications, our results indicate that the derivatives
DACT and DPPCT are expected to be more efﬁcient than parent
chitosan in applications where chitosans act on cell membranes.
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